This study sought to investigate the efficacy, safety, and antiplatelet effect of prasugrel as compared with clopidogrel in patients with high on-treatment platelet reactivity (HTPR) after elective percutaneous coronary intervention (PCI).
Background
The extent to which prasugrel can correct HTPR and improve clinical outcomes in patients undergoing elective PCI is unknown.
Methods
Stable coronary artery disease (CAD) patients with HTPR (Ͼ208 P2Y 12 reaction units [PRU] by the VerifyNow test) after elective PCI with at least 1 drug-eluting stent (DES) were randomly assigned to either prasugrel 10 mg daily or clopidogrel 75 mg daily. Platelet reactivity of the patients on the study drug was reassessed at 3 and 6 months. The study was stopped prematurely for futility because of a lower than expected incidence of the primary endpoint.
Results
In 212 patients assigned to prasugrel, PRU decreased from 245 (225 to 273) (median [interquartile range]) at baseline to 80 (42 to 124) at 3 months, whereas in 211 patients assigned to clopidogrel, PRU decreased from 249 (225 to 277) to 241 (194 to 275) (p Ͻ 0.001 vs. prasugrel). The primary efficacy endpoint of cardiac death or myocardial infarction at 6 months occurred in no patient on prasugrel versus 1 on clopidogrel. The primary safety endpoint of non-coronary artery bypass graft Thrombolysis In Myocardial Infarction major bleeding at 6 months occurred in 3 patients (1.4%) on prasugrel versus 1 (0.5%) on clopidogrel.
Conclusions
Switching from clopidogrel to prasugrel in patients with HTPR afforded effective platelet inhibition. However, given the low rate of adverse ischemic events after PCI with contemporary DES in stable CAD, the clinical utility of this strategy could not be demonstrated. The TRIGGER-PCI (Testing platelet Reactivity In patients underGoing elective stent placement on clopidogrel to Guide alternative thErapy with pRasugrel) trial investigated the effectiveness of prasugrel versus clopidogrel in patients with high on-treatment platelet reactivity (HTPR) on clopidogrel after elective percutaneous coronary intervention (PCI) with drug-eluting stents (DES). Specifically, we intended to address the extent to which prasugrel can correct HTPR and the clinical benefit-to-risk ratio of prasugrel in this setting.
Methods
Patient selection and interventions. The study protocol of TRIGGER-PCI was approved by the institutional ethics committee of each study site. Written informed consent was obtained from all patients.
For recruitment to the study, we screened consecutive patients with stable coronary artery disease (CAD) and clinical indication for PCI, who had undergone successful, elective coronary implantation of at least 1 DES without major peri-interventional complications. To be eligible for screening, patients age 18 to 80 years had to be pre-treated with a loading dose (LD) of clopidogrel 600 mg along with aspirin, at least 250 mg (intravenous or oral), between 24 h before and at the time of PCI. Exclusion criteria were: non-ST-segment elevation or ST-segment elevation myocardial infarction within 14 days prior to randomization; body weight Ͻ60 kg; glycoprotein IIb/IIIa inhibitors eptifibatide or tirofiban within 24 h before or during PCI or abciximab within 10 days before or during PCI; daily treatment with nonsteroidal anti-inflammatory drugs; and contraindication to aspirin or any of the study drugs. Study procedures. A citrated blood sample was drawn between 2 to 7 h after the first clopidogrel 75-mg maintenance dose (MD) the morning after PCI. Platelet function was assessed with the VerifyNow P2Y12 system (Accumetrics, San Diego, California) (1). HTPR was defined using a pre-specified cut-point of Ͼ208 PRU, which corresponded to the cut-point validated in an earlier study (2) .
Randomization to prasugrel or clopidogrel was performed in a 1:1 ratio. Thereafter, treatment with the study drugs was initiated by administration of a LD within 9 h after administration of the non-study-related MD of clopidogrel 75 mg. The LD of the study drug consisted of either 60-mg prasugrel or placebo. The MD treatment of the study drug was commenced with either prasugrel 10 mg daily or clopidogrel 75 mg daily plus corresponding placebo the day after the LD of the study drug. Subjects returned for clinical visits to the study sites at day 90 and day 180, at which time blinded assessments of platelet reactivity were performed. The trial algorithm is shown in Figure 1 . Study objectives. The primary objective of the TRIGGER-PCI study was to test the hypothesis that the outcome of patients with HTPR on clopidogrel after elective PCI with DES can be improved by switching to prasugrel. The primary efficacy measure was the composite of cardiovascular death or myocardial infarction (MI) through 6 months follow-up. MI was defined according to published guidelines (3). All endpoints were adjudicated by a clinical endpoints committee blinded to treatment assignment.
The primary safety endpoint was non-coronary artery bypass graft-related major bleeding classified by the Thrombolysis In Myocardial Infarction (TIMI) hemorrhage classification scheme (4). Main pharmacodynamic outcome measure was PRU on the study drug at 3 months. Statistical analysis. Sample size calculations were based on 3 assumptions: 1) according to published data (5-7), the incidence of the primary endpoint was estimated as 4.7% in the entire clopidogrel-treated population; 2) patients with a PRU Ͼ208 represent the upper tertile of the entire population with respect to on-clopidogrel platelet reactivity (2); and 3) the incidence of the primary endpoint in patients on clopidogrel with PRU Ͼ208 is increased 2-fold as compared with patients with PRU Յ208 (2). On the basis of these assumptions, it was anticipated that 1,075 subjects would need to be randomized to each group.
A blinded interim review performed on March 18, 2011, after 236 patients had completed 6-month follow-up demonstrated that 1 primary endpoint event had occurred, corresponding to an incidence of 0.4% with an upper confidence limit of 1.25%. On the basis of these data, the steering committee decided to terminate the study prematurely for futility.
If not stated otherwise, categorical variables are reported as counts (percentages) and continuous variables as mean Ϯ SD. To compare continuous variables, we used the Student t test. Comparisons of proportions were carried out using the Pearson chi-square test of homogeneity. By study design, baseline PRU data were non-normally distributed. Hence, we report PRU data as median (interquartile range) and used the nonparametric MannWhitney U test for analyzing differences between patients and the Wilcoxon test for within-patient comparisons. For various outcomes, confidence intervals for hazard ratios (under the assumption of proportional hazards) and/or relative risks are calculated. Comparison of the treatment groups with respect to ischemic and bleeding events was carried out by time-to-first event analysis using a log-rank test. All confidence intervals are 2-sided with a 95% confidence level, and all hypothesis tests were 2-sided and carried out at a significance level of 0.05. Analyses were performed with SPSS version 15.0 for Windows (SPSS, Chicago, Illinois).
Results
Study population. From July 6, 2009, through March 18, 2011, we screened 3,525 patients. Of 3,283 patients with valid PRU measurements, 625 (19.0%) met the inclusion criterion of PRU Ͼ208 and were invited to participate in the randomized study. A total of 202 patients declined participation in the study. We, thus, finally randomized 423 patients, 212 of whom were assigned to prasugrel and 211 to clopidogrel. Within each group, 210 patients received at least 1 dose of the assigned study medication.
There were no significant differences in any of the baseline, clinical, and procedural characteristics between the 2 treatment arms (Table 1) . Baseline PRU was well matched between the 2 study groups (p ϭ 0.805) ( Table 1 , Fig. 2) .
One hundred forty-seven patients discontinued the study prematurely after a median of 90 days (interquartile range: 44 to 132 days). This was mostly due to early termination of the study (n ϭ 118); other reasons included early revocation of consent (n ϭ 5) or unwillingness to continue with the study (n ϭ 24). Finally, 136 patients assigned to prasugrel and 137 patients assigned to clopidogrel ultimately completed the study. In the prasugrel arm, we obtained a least 1 valid PRU measurement on study medication in 191 patients and a valid subsequent PRU measurement in 139 patients on the study drug. In the clopidogrel arm, the respective numbers were 197 and 144. Correction of HTPR by prasugrel. At the first blinded PRU measurement in patients on the study drug, which was performed after a median of 90 days (interquartile range: 88 to 94 days), median PRU on prasugrel was significantly lower than that on clopidogrel (Fig. 2) . Thus, we observed a substantial decrease in PRU in the prasugrel arm (p Ͻ 0.001), but only a small, albeit statistically significant (p ϭ 0.001), decrease in the clopidogrel arm (Fig. 3) . Accordingly, 176 (94.1%) patients of the prasugrel arm and 56 (29.6 %) patients randomized to clopidogrel reached a PRU Յ208 (p Ͻ 0.001). Comparing the PRU measurements between the 3-and 6-month time points on the study drug, we did not find any significant changes in either the prasugrel or the clopidogrel arm (Fig. 3) . Clinical outcomes. As summarized in Table 2 , all endpoints analyzed occurred infrequently and without significant differences between the 2 study arms. During the entire study period, we encountered 1 primary efficacy endpoint, which occurred in the clopidogrel arm on day 140 after study entry. The timing of the combined secondary endpoint of cardiovascular death, MI, stroke, or rehospitalization for cardiac ischemic event is shown in Figure 4A . Table 3 shows the primary safety endpoint of TIMI major noncoronary artery bypass graft bleeding, which was reached in 3 patients on prasugrel and 1 patient on clopidogrel. Figure 4B shows the timing of any TIMI bleeds (major, minor, or minimal) during the study period. 
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Discussion
The major findings of TRIGGER-PCI are that prasugrel results in effective platelet inhibition in patients with HTPR after loading and maintenance dosing with clopidogrel; however, given the low adverse event rate after elective DES implantation in patients with stable CAD, the clinical utility of this approach could not be demonstrated.
In the present study, after DES placement in patients with stable CAD and HTPR on clopidogrel, switching to prasugrel resulted in a consistent decrease in platelet reactivity, reaching a level comparable to that of clopidogrelresponsive patients. After patients with HTPR were switched to prasugrel, only 5.9% of patients remained above the pre-specified threshold for HTPR. Platelet reactivity on prasugrel was stable during maintenance therapy, with no significant change between the 3-and 6-month ontreatment measurements.
In contrast to the findings in the prasugrel arm, 70% of patients continuing on standard-dose clopidogrel remained in the range of HTPR, a finding that was consistent over time. These findings in the clopidogrel arm of TRIGGER-PCI are consistent with the findings in the control arm of GRAVITAS (Gauging Responsiveness with A VerifyNow assay-Impact on Thrombosis And Safety) (8) . Conversely, significantly greater inhibition of platelet reactivity was achieved in the prasugrel arm of TRIGGER-PCI than in the double-dose clopidogrel arm of GRAVITAS (8) . Despite the unequivocal pharmacodynamic superiority of prasugrel as tested, TRIGGER-PCI was stopped prematurely for futility due to an event rate that was substantially lower than expected. TRIGGER-PCI enrolled an even lower-risk cohort than GRAVITAS, and in both studies, the 6-month composite rate of cardiac death or myocardial infarction was Values are median (interquartile range), mean Ϯ SD, or n (%). Two-sided p values were calculated by Pearson chi-square test for categorical variables, t test for continuous variables or MannWhitney U test between patients randomized to prasugrel or clopidogrel. ACE ϭ angiotensin-converting enzyme; ARB ϭ angiotensin receptor blocker; CABG ϭ coronary artery bypass graft; DES ϭ drug-eluting stent(s); PCI ϭ percutaneous coronary intervention; PRU ϭ P2Y 12 reaction units.
extremely low (0.2% and 2.3%, respectively). The very low 6-month event rate in the present study may be attributed to several factors:
1. During the enrollment period, first-generation DES were largely replaced by new-generation stents, which eventually accounted for 70% of the stents implanted. Recent studies with new-generation DES show substantially better outcomes than with earlier devices (9 -11). 2. TRIGGER-PCI excluded patients with peri-interventional ischemic or hemorrhagic complications, which are strongly associated with adverse mid-and longterm outcomes (12). 3. We also did not include any patients with acute coronary syndromes, who have been shown to benefit from intensified antiplatelet therapy with prasugrel or ticagrelor irrespective of the responder status to clopidogrel (13, 14) .
Exclusion of patients with acute coronary syndromes, procedure-related infarctions, and peri-interventional bleeding events, and improved results with secondgeneration DES resulted in a cohort that could tolerate high levels of platelet reactivity without a substantial risk of ischemic events after DES placement. Implications. The results of TRIGGER-PCI impact on the concept of personalized antiplatelet therapy in 2 ways: 1) TRIGGER-PCI validated one of the key prerequisites for the utility of personalized antiplatelet therapy by demonstrating that high on-treatment platelet reactivity, if detected, can be reliably corrected by switching from clopidogrel to prasugrel; and 2) conversely, TRIGGER-PCI failed to demonstrate an improvement in clinical outcomes by switching to prasugrel in patients with HTPR on clopidogrel after elective PCI with DES implantation. The low observed ischemic event rate in the control group even without correction of HTPR demonstrates that testing platelet function in such patients for consideration of more intensive antiplatelet therapy is not warranted, especially given the potentially increased risk of bleeding (13, 14) .
The observations of TRIGGER-PCI, however, do not negate the concept of personalized antiplatelet therapy in Trenk et al. June 12, 2012 June 12, :2159 Prasugrel in Clopidogrel Hyporesponders general. The TRIGGER-PCI cohort represented the lowrisk end of patients undergoing PCI. The 6-month risk of death and myocardial infarction is substantially higher in patients with acute coronary syndromes, in those undergoing multilesion and/or complex lesion interventions, and had peri-interventional complications not been excluded. Higher-risk populations are likely more dependent on adequate suppression of platelet reactivity for optimal results than the TRIGGER-PCI cohort. Thus, future randomized trials are warranted to examine the risk-benefit ratio of allocating higher-risk patients with stable CAD and high on-clopidogrel platelet reactivity to more potent platelet inhibition before and after PCI. These studies can build on the pharmacodynamic data from TRIGGER-PCI, which demonstrates the efficacy of prasugrel in overcoming HTPR on clopidogrel in patients with stable CAD.
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